In this work we attempt to provide direct evidence for the suggested behavior of dendronized polymers as molecular objects (i.e. single shape persistent macromolecules). For this purpose, the microscopic structure of dendronized polymers adsorbed onto mica has been investigated using atomistic molecular dynamics simulations. We find that the shape of the second to fourth generation dendronized polymers is basically kept upon adsorption due to substantial backfolding within their interior. The fluctuation strength of the polymer backbones, which is seen to decrease with increasing generation, also indicates that these individual macromolecules exhibit molecular object behavior in the nano size range.
INTRODUCTION
The structure of a homologous series of neutral DPs composed of a poly(methacrylic acid) backbone, whose repeat units are regularly branched dendrons of generation g containing both amide and aromatic groups (Scheme 1), was investigated at the nanometer level by atomic force microscopy (AFM) and transmission electron microscopy (TEM) [2] [3] [4] and at the atomistic level using molecular dynamics (MD)
simulations. 14, 15 AFM and TEM studies of DPs adsorbed onto attractive mica surfaces were found to exhibit the scaling behavior of a compact cylinder, which was also evidenced by MD simulations. g. This feature, which is experimentally supported by the visual impression that DPs adsorb as deformed cylinders, [2] [3] [4] suggested that the dimensions of this particular class of macromolecules are affected by surface···polymer interactions. On the other hand, some of us recently proved that DPs belonging to this homologous series behave as molecular objects (i.e. single shape persistent macromolecules), retaining approximately their form and mesoscopic dimensions irrespective of solvent quality and adsorption onto a surface. 5 This was fully consistent with the fact that DPs are dominated by intramolecular interactions. Indeed, in a very recent study devoted to examine the interaction between several macromolecular chains, we found that the role of intermolecular interactions on the mean DP diameter and surface roughness is negligible. 16 As the influence of the surface···polymer interactions in the deformability and behavior as molecular object of DPs is not completely understood at the microscopic level, in this work we have examined the effect of a solid substrate on the molecular structure of DPs. More specifically, the molecular dimensions and internal organization of DPs with g ranging from 2 to 4 (abbreviated PG2-PG4; Scheme 1) adsorbed onto mica have been investigated using atomistic MD. This study aims at substantiating the aspect whether or not particularly high g DPs qualify as linear molecular objects and thus intermediate entities between common polymer chains and colloidal particles.
Furthermore, results have been also used to clarify the boundary between deformed and molecular objects, which is indeterminate at present time.
THEORETICAL METHODS
The structure of PG2-PG4 (Scheme 1) has been investigated in the free-state This was recently corroborated by comparing results derived from vacuum conditions with those obtained in chloroform solution, where the DPs swell ("good solvent").
14 surface system was submitted to 1 ns of NVT MD at 50 K. This run led to the deposition of the DP on the mica surface. Then, all atoms of each system were submitted to 2 ns of steady heating until the target temperature was reached (298 K)
followed by 1 ns of thermal equilibration. Finally, 20 ns of NVT MD simulations were carried out for production.
MD simulations of PGg free and PGg mica were performed using the NAMD program. 18 The energy was calculated using the AMBER force-field, 19 all the bonding and van der Waals parameters required for the DPs under study being taken from Generalized AMBER force-field (GAFF). 20 Atomic charges were extracted from a previous electrostatic parametrization of these systems. avoid the bending of the mica sheet during the MD simulations, the position of the oxygen atoms located at the lowest part of the surface was kept fixed in the z-direction during the simulations (i.e. displacements for such atoms were allowed in the x-and ydirections only).
Atom-pair distance cut-offs were applied at 12 A to compute van der Waals and the Ewald direct sum electrostatic interactions. The Ewald reciprocal sum electrostatic interactions were calculated using Particle Mesh Ewald (PME) with a points grid density of the reciprocal space of 1 Å 3 . 23 Bond lengths involving hydrogen atoms were constrained using the SHAKE algorithm with a numerical integration step of 2 fs. 24 The nonbonded pair list was updated every 5 steps. Coordinates of all the production runs were saved every 25000 steps (50 ps intervals, 400 snapshots in total) for subsequent analysis. Structural parameters were averaged considering the snapshots recorded during the last 10 ns.
RESULTS AND DISCUSSION
Models obtained for these polymers 14 have been used to construct initial geometries for the DPs adsorbed onto an attractive mica surface (PGg mica ), which were used as starting point of 20 ns MD runs. For comparison, additional 20 ns long MD runs were performed using the surface-free DPs (PGg free ). Inspection of the temporal evolution of different structural parameters, as for example the end-to-end distance (L ee ) and the radius of gyration (R g ), indicates that the structure of all the studied systems is equilibrated and relaxed ( Figure S1 ). On the other hand, Figure (Figure 3a ) reflects that the latter is 30% larger than the former, irrespective of g, highlighting the deformation undergone by DPs upon adsorption onto the attractive solid surface. This deformation is significantly lower than that typically reported for dendrimers, which frequently exceed 100% for g similar to those studied in this work (detailed discussion of this feature is provided below). 25, 26 The variation of both h MD and w MD against g suggests an exponential behavior ( Figure 3b ). The latter is consistent with the organization of the outermost branching units (i.e. external dendrons) when g grows from 3 to 4, 14 which affects the stiffness of the macromolecular backbone and the effective strength of inter-dendron interactions.
Thus, the internal packing of external dendrons is higher in terms of alignment of their terminal strands for g 4 than for g< 4. This alignment, which is due to the particular architecture of DPs, is mainly provoked by a looping or "backfolding" phenomenon (i.e.
external dendrons approach and surround the macromolecular backbone) that occurs for g 4. Simulations of PGg free led to non-deformed cylindrical structures. The radial density profiles, (r), measured using the vector perpendicular to the molecular axis, indicate that the density is maximal in the vicinity of the backbone and dropping rapidly to a value of 1.1 g/cm 3 as the distance to the backbone increases, independently of g ( Figure S2 ). Over a range of distances the density remains approximately constant up to the length of the partially extended g-generation strand, where (r) approaches zero. 14 On the other hand, as occurred for the width, the average length is not altered by the mica surface (Table S1 ). These analyses clearly indicate that deposition of DPs onto solid surfaces only provokes 1D-deformations.
The electrostatic and van der Waals component of the interaction energy have been evaluated by accounting the interactions between the atoms at the inorganic surface and the atoms belonging to the adsorbed DPs (Table S2) The cross-section circularity (C) of such two-dimensional shapes was calculated via:
where A and P refer to the area and perimeter, respectively, obtained by counting the pixels of the different images. Obviously, in all cases C is higher for PGg free than for The most striking result, however, is the broad inner g Boc-b (r) tail as it also grows with g.
The fact that g Boc-b (r) is non-zero at distances much smaller than the radius of the DP (r)
It should be noted that the amount of backfolding and surface-induced deformability have been also studied for (polyamidoamine) dendrimers. 25 However, the properties of dendrimers, which can be defined as monodisperse and usually highly symmetric spherical compounds (i.e. dendrons are linked to a single core unit rather than to a linear main chain like in DPs), cannot be directly compared with those of DPs unless the formers reach a dense packing state through g max . 26 The polymeric backbone plays a crucial role in the steric congestion and molecular strain observed in DPs with g well below the packing limit, g max , while for dendrimers no such mechanism is at work. 25, 26 Accordingly, the surface induced flatting is higher for dendrimers than for DPs at g < g max . Indeed, computer simulations of DPs with a relatively low number of repeat units (i.e. [25] [26] [27] [28] [29] [30] show end cap effects (results not shown) that resemble the deformability of dendrimers adsorbed on surfaces. In these DPs dendrons located at the two ends tend to use the available space and the hemispherical end caps to align in the direction of the macromolecular backbone, whereas in adsorbed dendrimers at low g dendrons tend to occupy the spherical free volume around the core 17 to form very flat structures. The observartions that dendrimers flatten more than DPs with identical number of generations is consistent with the fact that g max < 7 for DPs 4,14 while g max 12 for a typical dendrimer. 31 Thus, the DPs studied in this work (g= 2-4) are closer to a DP at g max than dendrimers with the same g to a dendrimer at g max .
The impact of both mica and g on the rigidity of DPs has been estimated using the inverse variance of the end-to-end distance (L ee ) distribution,
, which describes the rigidity along the helical backbone axis. Independently of g, the inverse variance is smaller for PGg free than PGg mica (Figure 7) , indicating that the behavior as helical rigid rod is enhanced in the latter with respect to the former case. Moreover, the Overall, the reversible structural changes are too minor to significantly alter the cylindrical shape of these macromolecules. Thus, their persistent shape qualifies such macromolecules as molecular objects.
